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Abla t ive  m a t e r i a l s  have performed q u i t e  s a t i s f a c t o r i l y  
as h e a t  s h i e l d s  t o  p r o t e c t  manned s p a c e c r a f t  from t h e  s e a r i n g  
temperatures  of e n t e r i n g  t h e  earth 's  atmosphere, b u t  t h e  t i m e  

and c o s t l y  f o r  r eusab le  earth-to-space t r a n s p o r t a t i o n  systems. 
A m o r e  d e s i r a b l e  t h e r m a l  p r o t e c t i o n  system (TPS) f o r  t h e  Space 
S h u t t l e  would be based upon the  use of a high temperature  re- 
s i s t a n t  mater ia l  t h a t  could r e j e c t  h e a t  by r a d i a t i o n  and be  
used many t i m e s  wi thout  r e p a i r  o r  replacement.  Alloys of 
n i c k e l ,  columbium, t a n t a l u m ,  and an a l l  s i l i c a  composite 
have shown cons iderable  promise f o r  f u l f i l l i n g  t h i s  requirement ,  
b u t  they need f u r t h e r  technologica l  development and t h e i r  use 
may s t i l l  impose r e s t r i c t i o n s  on v e h i c l e  shape and f l i g h t  pa th .  
T o  i n s u r e  f l i g h t  ope ra t ion  a t  an e a r l y  d a t e ,  it would be i d e a l  
t o  have a thermal  p r o t e c t i o n  system t h a t  could in te rchangeably  
use a b l a t i v e  or  r a d i a t i v e  h e a t  s h i e l d  materials. The a b l a t i v e  
mater ia l  could s e r v e  a s  an evolu t ionary  s t e p  o r  as a backup t o  
t h e  more d e s i r a b l e  r a d i a t i v e  h e a t  s h i e l d .  

ti11ci U L L L L L U I C ~  3 z  C-c: ---1 L *  L- L u  rF;yrubL ---1--fi & L w U b -  a r n A n d  c i i r f n r p c .  -- _ _ _ _ _ _  3-r~  inconvenient  

A r a d i a t i v e  TPS would c o n s i s t  of a metal l ic  h e a t  
s h i e l d  wi th  i n t e r n a l  and/or 
p o s s i b l y  inc lud ing  a b l a t i v e  s e c t i o n s  o r  c i r c u l a t i n g  l i q u i d  t o  
cool t h e  v e h i c l e  nose and leading  edges,  a l l  suppor ted  by a 
s e p a r a t e  load  bear ing  s t r u c t u r e .  A non-metal l ic  composite 
might a lso be used t o  s e r v e  both as a h e a t  r a d i a t o r  and as an 
i n s u l a t o r .  I t  might be poss ib l e  t o  use a metallic h e a t  s h i e l d  
as primary load  bear ing  s t r u c t u r e ,  b u t  t h i s  can be  a p p l i e d  ad- 
vantageously only f o r  t h i n  s t r u c t u r e s  such as f i n s  and c o n t r o l  
s u r f a c e s .  Se l ec t ion  of a TPS conf igu ra t ion  depends on a number 
of i n t e r r e l a t e d  problems, the m o s t  c r i t i c a l  of which are: (1) 
t h e  e v a l u a t i o n  and select ion of h e a t  s h i e l d  and i n s u l a t i o n  ma- 
t e r i a l s ,  ( 2 )  c o n t r o l  of s t r u c t u r a l  weight ,  ( 3 )  c o n t r o l  of re- 
e n t r y  s u r f  ace temperatures ,  ( 4 )  determina t ion  of the e f f e c t s  
of t h e  impact of meteoroid and o t h e r  f o r e i g n  o b j e c t s ,  and (5) 
p r o t e c t i o n  of s p e c i a l  regions such as doors ,  b o o s t e r - o r b i t e r  
a t tachment ,  and t u r b o j e t  landing engines .  

e x t e r n a l  non-metal l ic  i n s u l a t i o n ,  
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MEMORANDUM FOR F I L E  

I. In t roduc t ion  

The des ign  of a r e l i a b l e ,  r e u s a b l e  thermal  pro tec-  
tion systzm (TPS) is generally cor?sidered o.e of t he  m o s t  
c r i t i c a l  technology areas i n  the development of a r eusab le  
space  s h u t t l e  veh ic l e .  Ablat ive TPS have so  f a r  been used i n  
t h e  very h igh  temperature s u r f a c e  a r e a s  of p r e s e n t  manned re- 
e n t r y  v e h i c l e s ,  and have b e e n  q u i t e  s a t i s f a c t o r y  i n  f u l f i l l i n g  
t h e  requirements for a s i n g l e  r e e n t r y .  Abla t ive  systems, 
however, might have many shortcomings i f  a p p l i e d  t o  a r eusab le  

s h u t t l e  veh ic l e .  P a s t  s t u d i e s  i n d i c a t e  t h a t  a r a d i a t i v e  
TPS would be a more advantageous system f o r  such a r eusab le  re- 
e n t r y  veh ic l e .  

Another B e l l c o m m  study6 inc ludes  d i scuss ions  on t h e  
a v a i l a b i l i t y ,  r e u s a b i l i t y  and t h e  p rospec t s  f o r  f u t u r e  develop- 
ment of s e v e r a l  high temperature materials which appear  pro- 
mising f o r  t h e  h e a t  s h i e l d  of a r a d i a t i v e  TPS i n  t h e  tempera- 
t u r e  range of 1800' t o  3000'F. Although material development 
i s  t h e  m o s t  c r u c i a l  f a c t o r  which determines t h e  f e a s i b i l i t y  of 
a r eusab le  r a d i a t i v e  TPS,  t h e r e  are many o t h e r  important  a s p e c t s  
a s s o c i a t e d  wi th  t h e  design of a TPS t h a t  a l so  have t o  be exa- 
mined. 
cuss  s o m e  of t h e s e  important  c o n s i d e r a t i o n s ,  which inc lude :  

The purpose of t h i s  memorandum i s  t o  i d e n t i f y  and d i s -  

1) t h e  choice of TPS, 

2 )  t h e  des ign  concepts o f  r a d i a t i v e  TPS, and 

3 )  t h e  c r i t i c a l  problems a s s o c i a t e d  wi th  t h e s e  des igns .  

11. Choice of  Thermal P ro tec t ion  System 1-11 

O f  t he  va r ious  p r e v a i l i n g  heat p r o t e c t i o n  concepts ,  

O the r  concepts  such as h e a t  s i n k  and t r a n s p i r a t i o n  

only the a b l a t i v e  system and the r a d i a t i v e  system have been 
considered f o r  a p p l i c a t i o n  i n  t h e  pre l iminary  space  s h u t t l e  
s t u d i e s .  
cooled systems are considered t o  be e i t h e r  u n s u i t a b l e  from t h e  
s t a n d p o i n t  of weight and complexity or n o t  s u f f i c i e n t l y  ad- 
vanced f o r  p r a c t i c a l  a p p l i c a t i o n  i n  t h e  n e a r  f u t u r e .  
a choice would have t o  be made, m o s t  l i k e l y ,  from among the 

Therefore ,  
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fol lowing systems (Figure 1) : 

1) a r e f u r b i s h a b l e  a b l a t i v e  system, 

2 )  a v e h i c l e  design which can accommodate e i t h e r  
an a b l a t i v e  o r  a r a d i a t i v e  heat s h i e l d ,  and 

3 )  a r a d i a t i v e  system. 

I t  should be noted t h a t  d i scuss ion  i s  l i m i t e d  t o  t h e  s u r f a c e  
a reas  subjected t o  a maximum temperature  between 1800O and 
4””  ?nnno_p Y d ~ r i n g  r-e+caT, 

(1) Refurbishable  Ablat ive System 

The technology f o r  an a b l a t i v e  h e a t  s h i e l d  i s  a v a i l -  
able, y e t  i t s  use f o r  t h e  space s h u t t l e  may prove t o  be too 
c o s t l y  i n  a long-range space e f f o r t  because of t h e  inhe ren t  
high refurbishment  cost and the  a s soc ia t ed  long turn-around 
t i m e .  The concepts of nonreceding porous a b l a t o r s  and o t h e r  
reusable  a b l a t o r s  c u r r e n t l y  under inves t iga t ion ’  seem promising 
except  t h a t  t h e s e  m a t e r i a l s  a r e  s t i l l  i n  t h e i r  e a r l y  s t a g e s  of 
development and t h e  prospects  of t h e i r  becoming a r e l i a b l e  
system i n  t h e  immediate f u t u r e  is  remote. 

( 2 )  Vehicle Design Which Can Accommodate E i t h e r  an  Abla t ive  or  
a Radiat ive TPS 

Three p o s s i b l e  v a r i a t i o n s  i n  development philosophy 
can be made w i t h i n  t h e  scope of t h i s  concept ,  according t o  
whether t h e  emphasis is placed on t h e  a b l a t i v e  system or  on 
t h e  r a d i a t i v e  system. These v a r i a t i o n s  a r e  as  f o l l o w s :  

a.  A S t r u c t u r a l  Design Based on an Abla t ive  TPS Which 
Can be R e t r o f i t t e d  wi th  a Radia t ive  System When t h e  
L a t t e r  i s  Considered Ready f o r  Applicat ion.  

This approach appears t o  be reasonable  provided 
t h a t  t h e  weight penal ty  involved i n  t h e  p rov i s ion  
f o r  r e t r o f i t t i n g  is  small .  I t  is  considered con- 
s e r v a t i v e  because emphasis would i n e v i t a b l y  be 
placed on an a b l a t i v e  TPS concept  i n  t h e  course 
of v e h i c l e  development. Thus, no r a p i d  progress  i n  
t h e  technology of r a d i a t i v e  TPS would be expected 
i n  t h e  near fu tu re .  Under these circumstances,  t h e  
v e h i c l e  developed would most l i k e l y  be cons t ruc ted  
wi th  an a b l a t i v e  TPS, and t h e  prospec t  of having a 
r a d i a t i v e  system incorporated i n  a near  f u t u r e  
would be un l ike ly .  
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b. A S t r u c t u r a l  Design Based on a Rad ia t ive  TPS Which 
Can Be R e t r o f i t t e d  With an Ab la t ive  System i f  and 
When t h e  Former i s  Found t o  B e  Unre l i ab le  or Un- 
s u i t a b l e  f o r  R e u s e .  

This  approach o f f e r s  t h e  s a m e  degree of s a f e t y  
as t h e  preceding one. I f  it i s  fol lowed,  the 
v e h i c l e  would be developed on t h e  b a s i s  of a ra- 
d i a t i v e  TPS. The p r o b a b i l i t y  of achiev ing  a re- 
usab le  r a d i a t i v e  TPS is  t h e r e f o r e  g r e a t l y  enhanced. 

c. A S t r u c t u r a l  Desiqn Which Can Equally Accommodate 
E i t h e r  a Radia t ive  o r  an Abla t ive  Heat Sh ie ld .  

This  approach p l aces  equa l  emphasis on develop- 
ment of r a d i a t i v e  and a b l a t i v e  h e a t  s h i e l d s .  
There are t w o  ques t ions  a s s o c i a t e d  w i t h  t h i s  ap- 
proach,  t h e  answers t o  which e x e r t  s u b s t a n t i a l  
impact on i t s  p r a c t i c a l i t y :  

1) Is it  p r a c t i c a l  t o  launch p a r a l l e l  develop- 
ment programs f o r  both a r a d i a t i v e  and an 
a b l a t i v e  TPS f o r  t h e  space  s h u t t l e  w i t h i n  
t h e  c o n s t r a i n t s  of budget and t i m e ?  

2 )  Is t h e r e  any s i g n i f i c a n t  d i f f e r e n c e  i n  
s t r u c t u r a l  des ign  between this approach 
and 2 a  or  2b? 

Technologies a s soc ia t ed  both  w i t h  t h e  r a d i a t i v e  
TPS and t h e  a b l a t i v e  TPS can be expected t o  make 
reasonable  advances i n  t h e  near  f u t u r e ,  b u t  t h e  
pace of progress  f o r  each system w i l l  depend t o  a 
l a r g e  e x t e n t  upon the  s i z e  of t h e  investment ap- 
p l i e d  i n  t h e  immediate f u t u r e .  I t  appears  u n r e a l i s -  
t i c  t o  i n v e s t  heavi ly  and equa l ly  i n  both  TPS i n  
a s s o c i a t i o n  wi th  t h e  s h u t t l e  development: sooner 
o r  la ter  a choice would have t o  be made between 
an a b l a t i v e  and a r a d i a t i v e  system t o  r ece ive  con- 
c e n t r a t e d  e f f o r t .  

Therefore ,  t h i s  approach would be  p r a c t i c a l  only 
i f  t h e  p e n a l t i e s  pa id  f o r  the p rov i s ion  of equal  
accommodation of both systems a r e  so s m a l l  t h a t  
whichever i s  s e l e c t e d  would have l i t t l e  e f f e c t  on 
t h e  v e h i c l e  s t r u c t u r a l  weight and t h e  t o t a l  v e h i c l e  
cost . 

( 3 )  Radia t ive  System 

Incorpora t ing  a r a d i a t i v e  TPS i n  a space s h u t t l e  
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would r e p r e s e n t  a major breakthrough both  i n  des ign  and i n  
ope ra t ion  of a r e e n t r y  vehic le .  The r a d i a t i v e  TPS has been 
r e c e i v i n g  p r e f e r r e d  cons ide ra t ion  over  an a b l a t i v e  system 
d e s p i t e  t h e  e x i s t i n g  u n c e r t a i n t i e s  regard ing  t h e  r e l i a b i l i t y  
and t h e  r e u s a b i l i t y  of  almost a l l  the materials p o t e n t i a l l y  
a p p l i c a b l e  t o  t h i s  system. 

I f  t h i s  system concept w e r e  adopted, t e c h n o l o g i c a l  
advancement would be imperat ive because it l a c k s  t h e  f l e x i -  
b i l i t y  of t h e  2b or 2 c  approach. The degree of r i s k  involved 
h e r e  i s  d i r e c t l y  r e l a t e d  t o  the  h e a t i n g  ra te  which t h e  su r -  
f a c e  area i s  subjected to ;  t h e  h ighe r  t h e  h e a t i n g  ra te  t h e  
h i g h e r  the r i s k  would be.  If t h e  maximum temperature  of a l l  
t h e  s u r f a c e  areas except  t h e  nose and s m a l l  areas of l ead ing  
edges could be kep t  below 2500°F, a temperature  w i t h i n  t h e  
c a p a b i l i t y  of coated Columbium (cb)  a l l o y s ,  t h e r e  would be a 
r e l a t i v e l y  s m a l l  r i s k  involved i n  t h e  r e u s a b i l i t y  of  t h e  h e a t  
s h i e l d  s i n c e  coated C b  i s  a l ready  i n  a n  advanced s t a g e  of 
development. The p r o b a b i l i t y  of a c a t a s t r o p h i c  h e a t  s h i e l d  
f a i l u r e  dur ing  a r e e n t r y  due t o  coa t ing  damage of  such a system 
has been demonstrated t o  be s m a l l 6 ,  and so t h e  u n c e r t a i n t i e s  
p laced  on c r e w  s a f e t y  and mission success  would a l so  be con- 
s i d e r e d  t o  be n e g l i g i b l e .  
on f u l l y  r eusab le ,  two-stage v e h i c l e  systems i n d i c a t e  tha t  
an upper temperature  l i m i t  of 2500'F dur ing  r e e n t r y  on a l l  

. Fur- 
thermore, i f  c o n s t r a i n t s  could be p laced  on t h e  v e h i c l e  con- 
f i g u r a t i o n  and t h e  r e e n t r y  t r a j e c t o r y  so t h a t  m o s t  of t h e  
v e h i c l e  s u r f a c e s  could be  kept  below 2200'F,  a temperature  
w i t h i n  t h e  c a p a b i l i t y  of t h o r i a  d i s p e r s i o n  s t r eng thened  n icke l -  
chromium ( T D N i C ) ,  t h e  concept of a r a d i a t i v e  TPS would be 
even more a t t r a c t i v e .  

Resu l t s  of pre l iminary  s t u d i e s  

t h e  s u r f a c e s  except  t h e  nose would be achievable  3 ,4 ,5  

An e a r l y  d e t a i l e d  t rade-off  s tudy  among t h e  t h r e e  
v e r s i o n s  of approach 2 and t h e  approach 3 would be m o s t  use- 
f u l  i n  i d e n t i f y i n g  t h e  design problems involved i n  each ap- 
proach,  and i n  p inpo in t ing  the  systems which would b e s t  
p rovide  a s t imulus  f o r  f u r t h e r  t echno log ica l  p rog res s  toward 
an economical r eusab le  r e e n t r y  veh ic l e .  

111. Desiqn Concepts of Radiat ive TPS 

A v a r i e t y  of combinations of t h e  fol lowing sub- 
systems which make up t h e  design of space s h u t t l e  TPS wi th  a 
r a d i a t i v e  h e a t  s h i e l d  can be made: 

1) r a d i a t i o n  s h i e l d  and i t s  suppor t ,  

2 )  e x t e r n a l  i n s u l a t i o n ,  
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3 )  i n t e r n a l  i n s u l a t i o n ,  

4 ) load-bearing s t r u c t u r e  , and 

5) active cool ing  system. 

Although a number of combinations are p o s s i b l e ,  f o u r  
are p r e f e r r e d  (Figure 2 ) :  

1) a metal l ic  h e a t  s h i e l d  wi th  i n t e r n a l  i n s u l a t i o n ,  

2 )  a nnn-metallic (or  composite) e x t e r n a l  i n s u l a t i o n  
which a lso acts as a r a d i a t o r ,  

3 )  a meta l l ic  h e a t  s h i e l d  wi th  i n t e r n a l  i n s u l a t i o n  
and an e x t e r n a l  i n s u l a t i o n  o v e r l a y ,  and 

4 )  a metal l ic  h e a t  s h i e l d  which i s  a l so  t h e  primary 
load-bearing s t r u c t u r e .  

The f i r s t  three of t h e s e  a r e  p laced  on t h e  primary load-bearing 
s t r u c t u r e ,  and t h e  l a s t  one is an i n t e g r a l  h e a t  shield and 
primary s t r u c t u r e .  

An a c t i v e  i n t e r n a l  coo l ing  system can be inco rpora t ed  
i n t o  each of t h e s e  concepts when t h e  temperature  of t h e  i n t e r -  
n a l  s t r u c t u r e s  has t o  be kept a t  a very l o w  level. Previous 
s t u d i e s  3 r 9  i n d i c a t e  t h a t  an a c t i v e  cool ing  system might pro- 
v i d e  s i g n i f i c a n t  weight advantage over  a p a s s i v e  coo l ing  system 
wi th  i n s u l a t i n g  l a y e r s  only. 

(1) A Metallic H e a t  Sh ie ld  with an I n t e r n a l  I n s u l a t i o n  

This concept i s  m o s t  commonly used i n  c u r r e n t  re- 
6 search and development programs . I n  a t y p i c a l  des ign ,  s m a l l  

metal l ic  h e a t  sh i e ld  pane l s ,  1 2  i n .  t o  2 4  i n .  s uare  and sup- 
p o r t e d  by s e v e r a l  r i g i d  pos ts  o r  m u l t i p l e  c l i p s 3  a long  the 
pane l  edges,  are used t o  form v e h i c l e  s u r f a c e s  and t o  reject 
by r a d i a t i o n  t h e  thermodynamic heat genera ted  dur ing  r e e n t r y .  
These pane ls  c a r r y  and t ransmi t  t h e  l o c a l  a i r  load only ,  whereas 
t h e  main v e h i c l e  loadings a r e  supported by an i n n e r  s t r u c t u r e  
which i s  k e p t  a t  a temperature w e l l  below t h a t  of  the s u r f a c e  
either by i n s u l a t i o n  l a y e r s  between t h e  h e a t  shield pane l  and 
t h e  i n n e r  s t r u c t u r e ,  o r  by a combination of i n s u l a t i o n  and 
a c t i v e  cool ing.  Many m e t a l  a l l o y s  are p o t e n t i a l l y  a p p l i c a b l e  
t o  t h e  c o n s t r u c t i o n  of h e a t  s h i e l d  pane l s ,  b u t  t h e  p r o p e r t i e s  
of m o s t  of t h e s e  materials a t  high temperatures  have n o t  been 
f u l l y  cha rac t e r i zed .  
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The advantages o f f e r e d  by t h i s  concept  are: 

T h e  metall ic h e a t  s h i e l d  provide a r i g i d  su r face ,  

I t  has p o t e n t i a l  f o r  many r euses  w i t h  minimum re- 
f urbishment . 
The meta l l ic  h e a t  s h i e l d  materials are i n  a more 
advanced s t a g e  of development than  non-metal l ic  
materials. 

T h e  materials app l i cab le  t o  heat  s h i e l d  cons t ruc t ion  
have l i m i t e d  temperature c a p a b i l i t y .  

I t  may be h e a v i e r  than o t h e r  des igns  because coated 
r e f r a c t o r y  metals a r e  vu lne rab le  t o  micrometeoroid 
impact as w e l l  as damages f r o m  o t h e r  f o r e i g n  ma-  
ter ia ls .  

Pos t  f l i g h t  i n spec t ion  of coated r e f r a c t o r y  metals 
would be a problem. 

( 2 )  A Non-metallic (or composite) Ex te rna l  I n s u l a t o r  

The main f e a t u r e  of this des ign  concept i s  a l i g h t  
weight ,  non-receding, r i g i d  material which serves as b o t h  a heat 
radiator and as an i n s u l a t o r .  A t y p i c a l  example o f  an e x t e r n a l  
i n s u l a t i n g  m a t e r i a l  would be t h e  b r i c k - l i k e  LI-1500 
by Lockheed Missiles and Space Company. T h i s  mater ia l  may be 
bonded either t o  a metallic p l a t e  t o  form a heat shield p a n e l  
o r  bonded d i r e c t l y  t o  the load-bearing s t r u c t u r e .  

developed 

T h e  advantages of t h i s  concept are: 

1) Construct ion of t h e  t o t a l  thermost ruc ture  may be 
s impler  than  t h e  preceding concept.  

2 )  It may have a weight advantage 3 

3 )  It is  more to l e ran t  t o  f l a w s  and damages caused 
by meteoroids and o t h e r  f o r e i g n  materials. 

4 )  I t  i s  more to le ran t  t o  unexpected high temperature .  

The disadvantages of t h i s  concept are: 

1) Materials of this category are s t i l l  i n  an e a r l y  
s t a g e  of development. 
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2 )  Most of the light-weight i n s u l a t o r s  have very 
l o w  s t r e n g t h  a t  room temperature.  

3 )  T h e  temperature  of i n n e r  s t r u c t u r e s  would con- 
t i n u e  t o  rise after the touch-down of a r e e n t r y  
because of the th ickness  r equ i r ed  for  i n s u l a t i o n .  

4 )  J o i n i n g  of the i n s u l a t o r  t o  the substrate would 
be d i f f i c u l t  due t o  t h e  b r i t t l e n e s s  o f  these 
materials. 

( 3 )  A Metallic H e a t  S h i e l d  w i t h  an I n t e r n a l  I n s u l a t i o n  and 
I_ 

an Ex te rna l  I n s u l a t i o n  Overlay. 

An e x t e r n a l  i n s u l a t i o n  over lay  may be a p p l i e d  t o  a 
b a s i c a l l y  metal l ic  heat s h i e l d  design a t  l o c a t i o n s  where the 
maximum temperature  would be very close o r  p o s s i b l y  exceeding 
the c a p a b i l i t y  of the m e t a l  a l l oy .  T h e  mater ia l  of this rather 
t h i n  o u t e r  l a y e r  could be so chosen tha t  the heat s h i e l d  i s  
b a s i c a l l y  non-receding under the expected normal h e a t i n g  r a t e  , 
b u t  would ablate t o  absorb h e a t  when s u b j e c t e d  t o  h e a t  pu l se  
beyond the design l i m i t ,  thus  p r o t e c t i n g  t h e  under ly ing  m e t a l l i c  
h e a t  s h i e l d .  The over lay  w o u l d  a l so  provide e x t r a  i n s u l a t i n g  
c a p a b i l i t y  under normal condi t ions .  However, very l i t t l e  ex--' 
per imenta l  work has been done tdward the development of this 
heat shield concept and l i t t l e  i s  known a t  this t i m e  concern- 
i n g  t h e  a v a i l a b i l i t y  and s e l e c t i o n  o f  a p rope r  mater ia l  f o r  the 
o u t e r  i n s u l a t i o n  and the means f o r  a t t a c h i n g  the  o u t e r  l a y e r  
t o  the m e t a l l i c  s t r u c t u r e .  

( 4 )  A Metallic H e a t  Sh ie ld  Which a l s o  Serves as a Load-bearing 
S t r u c t u r e .  

The concept of a continuous ho t  s t r u c t u r e  s u b j e c t e d  
t o  both  the aerodynamic hea t ing  and t h e  primary v e h i c l e  loads 
i s  a t t r a c t i v e  for  certain veh ic l e  areas such as f i n s ,  c o n t r o l  
s u r f a c e s  and wing stabs where a r e l a t i v e l y  h i g h  i n t e r n a l  t e m -  
p e r a t u r e  i s  t o l e r a b l e .  '. 

T h e  advantages of  this concept are: 

1) T h e  s t r u c t u r e  may have a weight advantage in c e r t a i n  
cases. 

2)  A s i n g l e  w a l l  hot s t r u c t u r e  would r e s u l t  in a 
s imple cons t ruc t ion .  

T h e  disadvantages a re :  

1) I t  may in t roduce  high thermal stresses and large 
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d e f l e c t i o n s  wherever a l a r g e  temperature  g r a d i e n t  
e x i s t s ;  i t  i s ,  therefore, u n s u i t a b l e  f o r  areas 
surrounding an inhab i t ed  cabin o r  anywhere t h e  
i n t e r n a l  temperature has t o  be kep t  a t  a very. l o w  
leve 1. 

A s i n g l e  w a l l  cons t ruc t ion  i s  more vu lne rab le  t o  
meteoroid pene t ra t ion .  

Repair  of a continuous hot s t r u c t u r e  could be very  
d i f f i c u l t  . 
Its use fu lness  is seve re ly  l i m i t e d  by t h e  s t r e n g t h  
loss of materials a t  h i g h  temperatures .  

It i s  f e l t  t h a t ,  a t  p r e s e n t  s t a t e  of technology, the 
h o t  s t r u c t u r e  concept could be a p p l i e d  advantageously only f o r  
t h i n  s t r u c t u r e s  such  as wings and c o n t r o l  s u r f a c e s  w h e r e  the 
maximum s u r f a c e  tempera ture  does n o t  exceed 1800°F, which  i s  the 
upper l i m i t  f o r  the convmt iona l  supe r  a l l o y s .  
l i g h t l y  loaded a r e a s ,  t f i s  temperature l i m i t  may be r a i s e d  t o  
2200OF or  even 2500'F i n  the n e a r  f u t u r e ,  depending on t h e  
p rogres s  t o  be made on T D N i C  o r  coated Cb a l l o y s .  

For very 

I V  C r i t i c a l  Problems 

T h e s e  are many t e c h n i c a l  problems a s s o c i a t e d  w i t h  
the design and development of a r a d i a t i v e  TPS fo r  which more 
s t u d i e s  are u rgen t ly  needed. A l i s t  of s o m e  of  the most b- 
p o r t a n t  ones inc lude :  

e v a l u a t i o n  and s e l e c t i o n  of h igh  temperature  h e a t  
s h i e l d  and i n s u l a t i o n  materials,  

pane l  f l u t t e r ,  

compromise between v e h i c l e  performance and s t r u c -  
t u r a l  e f f i c i e n c y ,  

determinat ion of vehic le  m a s s  r a t i o  and the a l l o w -  
able weight  growth of the s t r u c t u r e s ,  

p o t e n t i a l  damage caused by fo re ign  materials,  

development o f  a reliable act ive cool ing  system, 

p r o t e c t i o n  of s p e c i a l  r eg ions ,  and 

f a b r i c a t i o n ,  inspec t ion  and r e p a i r  t echn iques  
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T h e  l i ke l ihood  of developing a r e l i a b l e ,  e f f e c t i v e  r a d i a t i v e  
TPS would depend g r e a t l y  upon the s o l u t i o n  of these problems. 
D e t a i l s  are discussed i n  the fol lowing paragraphs.  

(1) Evaluat ion and Se lec t ion  of H i g h  Temperature H e a t  Shield 
6 ,12  and I n s u l a t i o n  Mate r i a l s  

Several  h igh  temperature  m a t e r i a l s  a r e  p o t e n t i a l l y  
app l i cab le  t o  the cons t ruc t ion  of r a d i a t i v e  TPS. Y e t ,  a l l  of 
these m a t e r i a l s  a r e  s t i l l  a t  a research o r  development s t a g e ,  
and very l i t t l e  engineer ing da ta  are a v a i l a b l e  from test and 
h;lr?Wa-re applications. 

Among the promising meta l  a l l o y s ,  T D N i C  ( w i t h  a t e m -  
p e r a t u r e  l i m i t  of 2200OF) and coated C b  a l l o y s  ( w i t h  a tem- 
p e r a t u r e  l i m i t  of 2500'F) have been the s u b j e c t s  of a consider-  
ab le  number of experimental  s t u d i e s .  
i ng  system i s  y e t . t o  be developed f o r  Ta a l l o y s  ( w i t h  a t e m -  
p e r a t u r e  l i m i t  of 3600'F). 

A high  temperature  coa t -  

TDNiC i s  an oxidat ion r e s i s t a n t  meta l  w h i c h  can be 
used without  a p r o t e c t i v e  coating; bu t  i t s  a v a i l a b i l i t y ,  repro-  
d u c i b i l i t y ,  j o in ing  techniques,  low e longat ion  l i m i t  a t  h igh  
temperatures  and the low r e s i d u a l  s t r e n g t h  a f t e r  long t h e ,  
high temperature  and high stress exposure still  r e p r e s e n t  d i f -  
f i c u l t i e s  n o t  y e t  overcome. As f o r  C b  a l l o y s ,  the eva lua t ion  
and improvement of e x i s t i n g  coa t ing  systems should be the main 
o b j e c t  t o  achieve.  LI-1500 (an a l l  s i l i c a  composite m a t e r i a l  
w i t h  a temperature  l i m i t  of 2500'F) appears promising f o r  ex- 
t e r n a l  i n s u l a t i o n ,  even though this m a t e r i a l  has n o t  been f u l l y  
cha rac t e r i zed  and i t s  p r a c t i c a l i t y  remains t o  be proven; shr ink-  
age a t  high temperatures and the d i f f i c u l t i e s  encountered i n  
bonding it t o  s u b s t r a t e  a r e  among the main problems t o  be 
solved.  
a t i o n s  of these ma te r i a l s  have been based p r imar i ly  on s t a t i c  
furnace tests of small  s t r u c t u r a l  elements:  d a t a  on high 
speed h o t  gas/cold wal l  r een t ry  s imula t ion  tests a r e  n o t  y e t  
a v a i l a b l e .  

I t  should be pointed o u t  t h a t  p a s t  experimental  evalu-  

For i n t e r n a l  i n s u l a t i o n ,  micro-quartz  ( w i t h  a t e m -  
p e r a t u r e  l i m i t  of 1800'F) and dyna-flex ( w i t h  a temperature  
l i m i t  of 2700'F) appear t o  be the leading  candidates .  Again, 
more tes t  da ta  a r e  needed t o  establish t h e i r  thermal conduct- 
i v i t y ,  dimensional s t a b i l i t y  and r e s i s t a n c e  t o  a c o u s t i c  v i -  
b r a t i o n  a t  high temperatures,  a s  w e l l  a s  their compa t ib i l i t y  
w i t h  o t h e r  m a t e r i a l s  such as  coated r e f r a c t o r y  metals in a 
t r a n s i e n t  hea t  conduction environment. For i n s u l a t i o n  a t  a 
temperature  above 2700'F, z i r c o n i a - f e l t  i s  a m a t e r i a l  worthy 
of f u r t h e r  i n v e s t i g a t i o n .  
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( 2 )  Pane l  F l u t t e r  

Panel  f l u t t e r  i s  one of t h e  des ign  problems f o r  a 
metallic h e a t  s h i e l d  because of i t s  l igh t -weight ,  t h i n - s h e e t ,  
pane l  cons t ruc t ion .  T h e  c r i t i ca l  f l u t t e r  cond i t ion  i s  l i k e l y  
t o  occur  dur ing  t h e  launch phase a t  supersonic  speed,  b u t  may 
also occur  dur ing  r e e n t r y  i n  t h e  presence of seve re  aerodynamic 
hea t ing .  Ea r ly  s t u d i e s  i n d i c a t e d  t h a t  f l u t t e r  may be  a govern- 
i n g  cond i t ion  i n  t h e  des ign  of c e r t a i n  types  of pane l  s t r u c -  
t u r e s  . l3 I n  some cases, l a r g e  e f f e c t s  on f l u t t e r  c h a r a c t e r i s -  
t ics  r e s u l t i n g  f r o m  s m a l l  changes i n  boundary c o n s t r a i n t s  w e r e  
experienced, 

Recent hardware development of r a d i a t i v e  meta l l ic  
heat shields  (some of these programs a r e  d iscussed  i n  re- 
f e r e n c e  6 )  has emphasized t h e  use of s m a l l  t h i n  sheet p a n e l s ,  
1 2  t o  2 4  inch  square ,  w i t h  s e v e r a l  d i f f e r e n t  suppor t ing  con- 
d i t i o n s  t o  a l l o w  f o r  thermal expansion and t o  f a c i l i t a t e  re- 
furbishment.  
pane l  f l u t t e r  has n o t  been included as a p a r t  of the e v a l u a t i o n  
of s t r u c t u r e s  and materials. 

I n  most of  these development programs, however, 

(3) C o m p r o m i s e  between t h e  Vehicle Aerodynamic Performance and 
the S t r u c t u r a l  Ef f ic iency .  

The aerodynamic hea t ing  t o  which a s p a c e c r a f t  would 
be s u b j e c t e d  dur ing  r e e n t r y  is p r i m a r i l y  a func t ion  of vehicle 
conf igu ra t ion  and the r e e n t r y  t r a j e c t o r y ;  the  des ign  of a 
v e h i c l e  TPS is  extremely s e n s i t i v e  t o  the e x t e n t  of t h i s  aero- 
dynamic hea t ing .  I n  gene ra l ,  t he  d i f f i c u l t i e s  involved i n c r e a s e  
w i t h  an i n c r e a s e  of maximum s u r f a c e  temperatures  of the veh ic l e .  

A w e l l  balanced des ign  should take i n t o  cons ide ra t ion  
the t r a d e o f f  between aerodynamic performance and t h e  s t r u c t u r a l  
e f f i c i e n c y .  I t  is  be l i eved  that a c a r e f u l  s tudy  of these con- 
s i d e r a t i o n s  e a r l y  i n  t h e  space s h u t t l e  program could lead t o  
a s i g n i f i c a n t  s i m p l i f i c a t i o n  of t h e  TPS and a great r educ t ion  
of t h e  t echno log ica l  development needed f o r  the s t r u c t u r a l  de- 
s i g n .  From the viewpoint of TPS des ign ,  a reasonable  g o a l  
would be t o  d e f i n e  the aerodynamic contour  and the  r e e n t r y  
f l i g h t  pa th  of the vehicle so  t h a t  the e x t e r n a l  s u r f a c e ,  except  
p o s s i b l y  a s m a l l  area of the nose s e c t i o n  and some l ead ing  
edges, would not  be subjected t o  temperatures  greater than  
2200 O F .  Thus, an uncoated metallic heat shield ( w i t h  T D N i C  i n  
mind) could be made tha t  would ensure  a reliable and r eusab le  
v e h i c l e  w i t h  simple opera t ion  and maintenance procedures.  T h e  
s m a l l  b u t  c r i t i ca l  s u r f a c e s  of the nose and leading  edges 
could  be cooled a c t i v e l y  or u s e  a r ep laceab le  ablat ive material. 
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( 4 )  Determinat ion of Vehicle  Mass Ra t io  and the Allowable Weight 
Growth of t h e  S t r u c t u r e s .  

The m a s s  r a t i o  ( r a t i o  of s t r u c t u r a l  weight  t o  t o t a l  
s t a g e  w e i g h t ) ,  and hence t h e  weight  s e n s i t i v i t y ,  of the f u l l y  
r eusab le  two-stage space s h u t t l e  w i l l  be m o r e  c r i t i c a l  than  t h a t  
of c u r r e n t  space launch vehic les .  Pre l iminary  weight  esti-  
mates 3 r 4 ' 5  i n d i c a t e  t h a t  the payload f r a c t i o n  of a space s h u t t l e  
i s  very l o w  i n  comparison with e a r l i e r  v e h i c l e s .  
weight  c o n t r o l  of both t h e  TPS and t h e  load-bearing s t r u c t u r e s  
is extremely important .  Since t h e r e  are more u n c e r t a i n t i e s  

bear ing  s t r u c t u r e s ,  weight  control . -of  the 'former appears  t o  be 
more d i f f i c u l t .  

Consequently,  

associated W i L l  the desiqn cf TPS than L!a t  0 the  primary load- 
.. 

P a s t  records  of aerospace v e h i c l e  developments show 
t h a t  weight growth always occurs.  Since the payload margin of 
a space s h u t t l e  i s  very small  t o  begin  w i t h ,  i t  i s  d e s i r a b l e  t o  
e s t a b l i s h  a gu ide l ine  t o  l i m i t  t h e  mass r a t i o  of each v e h i c l e  
s t age .  A d e t a i l e d  weight a n a l y s i s ,  i nc lud ing  an e s t i m a t e  of 
a l lowable weight  growth and an assessment  of t h e  f a c t o r s  which 
could l ead  t o  such a growth, should be made e a r l y  i n  t h e  s h u t t l e  
program f o r  promising design concepts.  Poss ib l e  ways t o  reduce 
t h e  weight  should a l s o  be inves t iga t ed .  

For  example, t o t a l  weight  reduct ion  may be achieved 
through r ep lac ing  some of t h e  metal l ic  i n n e r  s t r u c t u r e s  w i t h  
composite m a t e r i a l s .  l4 
t i a l  weight  sav ings  of such a replacement or redes ign  and t h e  
p r o b a b i l i t y  of keeping the vehic le  from p r o h i b i t i v e  weight  growth. 

(5) P o t e n t i a l  Damages Caused by Foreign Mate r i a l s  

E s t i m a t e s  should be  made of the poten- 

v '  The meteoroid environment i n  space may p r e s e n t  s i g n i -  
f i c a n t  hazards  t o  t h e  h e a t  s h i e l d  of a s p a c e c r a f t ,  p a r t i c u l a r l y  
if coated r e f r a c t o r y  m e  a ls  are used. Based on an  exposed h e a t  
s h i e l d  area of 3000 f t .  , a mission du ra t ion  of 3 days and an 
average a l t i t u d e  of 210 NM, a Bellcomm study15 of t h e  e f f e c t s  
of meteoroid impact on a columbium h e a t  s h i e l d  coated by t h e  
Sylvania  R512E coa t ing  system shows t h e  fol lowing r e s u l t s :  

3 

1) The number of punctures through t h e  p r o t e c t i v e  
coa t ing ,  f o r  a p r o b a b i l i t y  of 0,999 and w i t h  a 
meteoroid environment unce r t a in ty  f a c t o r  of 2 ,  
could be as high a s  1 0 0 ,  wi th  a t o t a i  damaged 
area of no more than 22 .0  x i n .  These -.. : 
punctures  would expose t h e  Cb s u b s t r a t e  t o  t h e  
surrounding oxygen dur ing  r e e n t r y ,  which may l ead  
t o  excess ive  oxidat ion of t h e  m a t e r i a l  and, 
hence,  t o  c r e a t e  problems f o r  pos t  f l i g h t  inspec-  
t i o n s  and refurbishment  , 
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2 )  The r equ i r ed  h e a t  s h i e l d  th i ckness  f o r  zero  punc- 
t u r e s  of t h e  h e a t  s h i e l d  would be approximately 
0 .14  i n .  f o r  a p r o b a b i l i t y  of 0.999 and 0 .06  i n ,  
f o r  a p r o b a b i l i t y  of 0 . 9 9 ,  as compared t o  t h e  
c u r r e n t  estimate of 0.012 t o  0 . 0 2 5  i n ,  

These r e s u l t s  i n d i c a t e  t h a t  meteoroid impact could 
be a d e c i s i v e  des ign  c r i t e r i o n  f o r  the TPS of t h e  space s h u t t l e .  
It appears  adv i sab le  t h a t  t h i s  f a c t o r  be  taken i n t o  cons idera-  
t i o n  i n  the conceptual  s t u d i e s  as w e l l  as i n  the e a r l y  s t a g e s  
of hardware development. 

O t h e r  f a c t o r s ,  such as rock impacts f rom t h e  runway 
dur ing  landing and r a i n  e ros ions  on t h e  heated s t r u c t u r e s  
dur ing  r e e n t r y  may also cause damages t o  the TPS. 

8,9,11 ( 6 )  Development of a Rel iab le  Act ive  Cooling System 

A choice of e i t h e r  a pas s ive  ( i n s u l a t i o n  l a y e r s  on ly)  
or an a c t i v e  ( in su la t ed  and cooled by a c i r c u l a t i n g  c o o l a n t )  
coo l ing  system can be incorpora ted  i n t o  a radiative TPS. 

A pas s ive  system would be re l iable  and s imple  i n  con- 
s t r u c t i o n ;  y e t  it r e q u i r e s  a l a r g e  th i ckness  of  i n s u l a t i o n  
which might l i m i t  i t s  app l i ca t ions .  An a c t i v e  coo l ing  system 
may have a weight advantage i n  many cases and i t s  weight  would 
n o t  be a s t r o n g  func t ion  of the des ign  s u r f a c e  tempera ture  and 
h e a t i n g  t i m e .  It a l so  r equ i r e s  less i n s u l a t i o n  t h i c k n e s s ,  and 
i s  p a r t i c u l a r l y  s u i t a b l e  f o r  areas where e f f i c i e n t  u s e  of i n -  
ter ior  space is  important.  However, on the b a s i s  of c u r r e n t  
technology, t h i s  system would be m o r e  c o s t l y  and less rel iable  
than  a pass ive  system. 
l iable a c t i v e  cool ing  system would be a t echno log ica l  advance- 
ment which could g r e a t l y  f ac i l i t a t e  t h e  a p p l i c a t i o n  of a 
r a d i a t i v e  TPS. 

T h e  development of a s imple and re- 

( 7 )  P r o t e c t i o n  of S p e c i a l  Resions 

T o  provide adequate t h e r m a l  p r o t e c t i o n ,  s t r u c t u r a l  
i n t e g r i t y  and compa t ib i l i t y  t o  t h e  t o t a l  vehicle, c o n s i d e r a t i o n  
must be given i n  t h e  des ign  of t h e  TPS t o  reg ions  such  a s  
cav i t ies ,  p e n e t r a t i o n s ,  and i n t e r f a c e s  between d i s s i m i l a r  ma-  
t e r ia l s  as w e l l  as t o  s t r u c t u r e s  o t h e r , t h a n  t h e  hea t - sh i e ld  
s u r f a c e s .  These s p e c i a l  regions which p r e s e n t  unique des ign  
problems inc lude :  

1) locking and s e a l i n g  of ha t ches ,  windows, landing  
gear  doors, and the s t r u c t u r a l  a t tachments  between 
the boos te r  and the orbi ter  v e h i c l e s ;  

2 )  s t r u c t u r a l  i n t e r f a c e  between h o t  s t r u c t u r e s  (such 



BELLCOMM, INC. - 13 - 

as a wing) and cool  s t r u c t u r e s  (such as the load- 
bea r ing  s t r u c t u r e  of t h e  f u s e l a g e ) ;  

3 )  j u n c t i o n s  between a b l a t i v e  heat sh ie lds  and 
r a d i a t i v e  heat s h i e l d s  as may be  needed i n  the 
area of t h e  nose and l ead ing  edges;  and 

4 )  t u r b o j e t  l anding  engines. 

F a b r i c a t i o n ,  In spec t ion  and Repair Techniques 

Scme fabrication difficulties e x i s t  i n  a l l  of the 
des ign  concepts d i scussed  i n  this memorandum, p a r t i c u l a r l y  i n  
f a s t e n i n g  and j o i n i n g  the  hea t  s h i e l d  material o r  adhering 
i t  t o  the substrate. P o s t  f l i g h t  i n s p e c t i o n  and damage r e p a i r  
t echniques  are also an important p a r t  of the  v e h i c l e  ope ra t ions .  
A s imple ,  reliable non-destructive t e s t i n g  (NDT) method f o r  
f i e l d  i n s p e c t i o n  of t h e  coated r e f r a c t o r y  metals is needed. I n  
order t o  s h o r t e n  t h e  turn-around t i m e  t h e  p o s s i b i l i t y  of a 
b u i l t - i n ,  automatic  N D T  System f o r  the v e h i c l e  s t r u c t u r e ,  in- 
c lud ing  t h e  TPS, should be i n v e s t i g a t e d .  Seve ra l  c o a t i n g  r e p a i r  
techniques have been developed, b u t  the  r e l i a b i l i t y  and re- 
u s a b i l i t y  of t h e  r e p a i r e d  coat ings must be improved. 

V. Concludinq R e m a r k s  

Radiative and a b l a t i v e  TPS have been eva lua ted  f o r  
the  Space S h u t t l e  v e h i c l e  app l i ca t ion .  I n  order t o  provide  a 
s t imu lus  fo r  f u r t h e r  technologica l  p rog res s ,  and a t  the same 
t i m e  t o  reasonably a s su re  the development of  a s u c c e s s f u l ,  
r eusab le  s h u t t l e  system, a veh ic l e  des ign  w h i c h  can accommo- 
date either an a b l a t i v e  o r  a r a d i a t i v e  heat  s h i e l d  appears  t o  
be a good choice. 

T h e  advantages and d isadvantages  of f o u r  ve r s ions  of 
radiat ive TPS des ign  have been d iscussed .  Due t o  u n c e r t a i n t i e s  
on the r e l i a b i l i t y  and t h e  r e u s a b i l i t y  o f  h igh  temperature  
materials as w e l l  as t h e  maximum temperatures  of  the  v e h i c l e  
s u r f a c e s ,  a d e f i n i t e  preference  can n o t  be made a t  t h i s  t i m e .  
It should be noted ,  however, t h a t  a TPS w i t h  a metall ic heat 
s h i e l d  and i n t e r n a l  i n s u l a t i o n  appears  t o  be i n  a more advanced 
s t a g e  of development t h a n  o ther  r a d i a t i v e  TPS. 

A number of problems a s s o c i a t e d  w i t h  the  des ign  of a 
r a d i a t i v e  TPS f o r  t h e  space s h u t t l e  have been i d e n t i f i e d ,  and 
t h e  need of f u t u r e  r e sea rch  and development have been d i scussed .  
The m o s t  c r i t i c a l  problems are: 
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eva lua t ion  and s e l e c t i o n  of heat s h i e l d  and i n -  
s u l a t i o n  m a t e r i a l s ,  

c o n t r o l  of t h e  s t r u c t u r a l  weight,  

c o n t r o l  of the maximum s u r f a c e  temperature,  

the effects of meteoroid impact,  and 

design of s p e c i a l  veh ic l e  a r e a s  such a s  t h e  
locking and s e a l i n g  of landing gear  doors and 
the s t r u c t u r a l  i n t e r f a c e  between the c a r r i e r  . . 
and the o r b i t e r  s t ages .  

I t  should be emphasized t h a t  the  TPS should no t  be  
t r e a t e d  as  an i s o l a t e d  system. I n  s e l e c t i n g  i t s  design,  the 
veh ic l e  conf igura t ion  should b e  examined; the aerodynamic per-  
formance should be t raded  with s t r u c t u r a l  e f f e c t i v e n e s s ;  and 
t h e  t o t a l  s t r u c t u r a l  system of the v e h i c l e  must be synthes ized  
accordingly.  I t  i s  only through 
t h a t  a most e f f i c i e n t  s t r u c t u r a l  

1 0  13-CCO-baw 

Attachment 

such an i n t e g r a t e d  approach 
system can be designed. 

e. c 7 
C. C. ---i Ong 
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